Difficulties with the nondestructive delivery of macromolecules into living cells have limited the potential applications of antibodies, genes, enzymes, peptides, and antisense oligonucleotides in biology and medicine. We have found, however, that the natural endocytosis pathway for the vitamin folate can be exploited to nondestructively introduce macromolecules into cultured cells if the macromolecule is first covalently linked to folate. Thus, treatment of KB cells with folate-conjugated ribonuclease, horseradish peroxidase, serum albumin, IgG, or ferritin allowed delivery of >106 copies of the macromolecules within a 2-hr period. Cytochemical staining using 4-chloro-1-naphthol further demonstrated that the horseradish peroxidase retained activity for at least 6 hr after internalization. Since folate is an essential vitamin required in substantial quantities by virtually all cells, these observations may open the possibility of scientific and medical applications for many of the above macromolecules.
Because plasma membranes are designed to pass only those molecules required for the fitness of the cell, delivery of desired exogenous macromolecules into living cells has met with only limited success. Microinjection has permitted introduction of foreign proteins and nucleic acids into living cells, but the procedure works well only on a single-cell basis (1, 2) . Electroporation, in contrast, is ideal for bulk delivery applications (3, 4) ; however, general cell damage is also a common consequence (4, 5) . Sonication, freezing and thawing, osmotic shock, scrape or bead loading, detergent permeabilization, and other forms of cell lysis have also been employed with success in specific applications (6) (7) (8) (9) , but the inability to promote adequate resealing in some cells has limited their applicability (10) (11) (12) (13) . Erythrocyte-mediated cell fusion has also been used to deliver large amounts of macromolecules directly into the cytoplasm of cultured cells (14, 15) , but the required use of fusogens, agglutinating lectins, or cytotoxic viruses, as well as the introduction of erythrocyte proteins into the target cells, may yield a system too modified for future study (16) (17) (18) . Receptor-mediated endocytosis systems for natural ligands such as polypeptide hormones and viruses have been exploited to deliver desired macromolecules into certain cells (19) (20) (21) (22) . In many cases the success has been phenomenal, opening possibilities for useful medical applications. However, the absence of the desired receptors on some cell types, the ultimate deposition of most internalized molecules in the lysosomes, and the low capacities of the uptake pathways have restricted many uses of this strategy (23) (24) (25) . Finally, liposome-mediated delivery has improved over the years with the conjugation of natural "recognition" ligands to the outer surfaces of the vesicles, allowing some degree of cell-type specificity (26) (27) (28) . However, problems with liposome stability as well as low rates of true cell-vesicle fusion must still be overcome before the method sees extensive application (29) (30) (31) .
We have noted observations by others reporting that cells internalize vitamins such as folate by receptor-mediated endocytosis (32) (33) (34) . Use of this pathway to deliver desired exogenous macromolecules into living cells seemed promising to us, since it suffered from few of the disadvantages of the aforementioned delivery protocols. Thus, unlike microinjection on scrape or bead loading, folate-conjugated proteins could conceivably contact and bind to all cells in a culture medium simultaneously. Similarly, membrane damage or alterations arising from several of the other methods would be avoided because macromolecular uptake would occur through a natural vitamin endocytosis pathway. And unlike hormone-or virus-mediated endocytosis, folate uptake is believed to occur in all dividing cells, at reasonable rates, and folate is deposited into cytosolic but not lysozomal compartments (34) (35) (36) . We report here that by covalently conjugating folic acid to essentially any macromolecule, the macromolecule can be nondestructively delivered at reasonable levels into many living cells by the cellular uptake system for folate. A similar vitamin-mediated delivery system for biotin-conjugated proteins has been described in cultured plant cells (37) .
MATERIALS AND METHODS Na125I was purchased from Amersham; Iodo-Beads were obtained from Pierce; electrophoresis chemicals were purchased from Bio-Rad; tissue culture products were purchased from GIBCO; and all cultured cells were received as a gift from the Purdue Cancer Center (West Lafayette, IN). All other chemicals were purchased from Sigma or were reagent grade chemicals from other major suppliers.
Cell Culture. KB cells were grown continuously as a monolayer using minimal essential medium (MEM) supplemented with 10% (vol/vol) heat-inactivated fetal calf serum, penicillin (50 units/ml), streptomycin (50 ,ug/ml), and 2 mM L-glutamine at 37°C in a 5% C02/95% air humidified atmosphere. Eight days prior to each experiment, cells were transferred for two consecutive passages into folate-deficient Dulbecco's modified Eagle's medium containing the same supplements mentioned above. The reasons for these passages in folate-low medium are 3-fold: (i) high folate concentrations competitively inhibit uptake of folate-conjugated macromolecules, (ii) the folate content of MEM is 1000-fold higher than that found in normal serum in vivo (38) , and (iii) the 10% fetal calf serum contains its normal complement of folate, which is sufficient to sustain cell growth. On the day ofeach experiment, monolayers were rinsed twice with warm Abbreviations: BSA, bovine serum albumin; 125I-BSA, ' Cytochemical Staining of Internalized RP-SMeHLJolate.
After suspension in BSA/Locke solution, KB cells were deposited into the wells of a 24-well culture plate and then incubated for 30 min at 37°C. The cells were treated with either HRP-SMeH4folate or unmodified HRP at 10 ,ug/ml. After a 4-hr incubation at 37°C, cells were collected and washed four times with 0.75 ml of ice-cold PBS, and then stained for HRP using the substrate 4-chloro-1-naphthol as described (43), except 0.06% H202 was employed.
RESULTS
Uptake of Fluorescent Folate-Labeled Proteins. Bovine IgG and bovine RNase were first labeled with FITC or RITC and Cell Biology: Leamon and Low then further conjugated to folic acid or left unmodified as controls. In this manner the same specific fluorescence was present on both folate-conjugated and control samples in all experiments. When folate-conjugated FITC-labeled IgG was added to KB cells (a human nasopharyngeal cell line), a rapid avid association of the protein with the membrane was observed that was sustained through five washes. As seen by a comparison of the phase-contrast and fluorescence images of the same cell clusters in Fig. 1 A-H, folate-conjugated IgG was found to bind avidly to the cell surface within 5 min of mixing and then to gradually enter the cell's interior over a period of several hours. In contrast, when the same cells were treated with FITC-labeled IgG lacking the attached folate, no binding or internalization was observed (Fig. 1, I-L) . Because the only difference between the two samples was the covalent attachment of folate, these data suggest that covalently attached folate can promote the uptake of fluorescent IgG into KB cells. To ensure that the internalization process was neither protein nor cell type specific, the same study was conducted with RNase and BSA in HeLa cells with virtually identical results (data not shown).
Because the fluorescence images of the later time points in Fig. 1 (F and H) revealed the possible presence of IgGcontaining vesicles within the cytoplasm, a more thorough examination of the distribution of fluorescence in the cells was conducted using the horizontal plane selectivity of the confocal microscope. One representative plane of focus in KB cells treated with folate-labeled RNase for 30 min is shown in Fig. 1M . Similar to other planes of focus, circular spots of intense fluorescence .5 ,tum in diameter were clearly identified.
Time-Dependence of the Association of 125-BSA-Folate with KB Cells. To more accurately evaluate the time course of folate-mediated protein uptake, the binding and internalization kinetics were quantitatively monitored using folate conjugated to 125I-labeled BSA. Fig. 2 shows that 3.5 x 106 molecules of folate-conjugated BSA became KB cellassociated within the first half-hour of incubation compared with only 0.18 x 106 molecules of the unconjugated BSA. That this cell association was folate-receptor-mediated could be demonstrated by the ability of a 100-fold molar excess of free folate to competitively block the interaction (see Fig. 2 ). Thus, in the presence of the free folate, association of BSA-folate was no more apparent than binding of the unconjugated BSA. Importantly, the kinetics of the interaction of BSA-folate with the KB cells are similar to those published for the association of free methotrexate (a folate analogue), with the same cells, both exhibiting half-maximal binding 3 min after mixing (44) . with '251-BSA-folate (5 yg/ml; curve 1), 125I-BSA (5 kug/ml; curve 2), or _251-BSA-folate (5 Itg/ml) plus 100-fold molar excess of free folate (curve 3).
binding of 1.3 x 106 molecules per cell. Because endocytosis is blocked at this low temperature, we hypothesized that this population ofbound molecules was folate receptor associated but not internalized. To confirm this point, the cells were briefly treated with acid saline, a procedure commonly used to remove cell surface folate without rupturing the cells (40) (41) (42) . As anticipated, the acid wash released essentially all of the BSA-folate associated with cells incubated at 40C (see Fig. 3 ). In contrast, if the suspension was maintained at the growth temperature of 37TC for the full 2-hr incubation, a maximum of 4 x 106 molecules of BSA-folate became tightly associated with the cell. This saturating amount of cellassociated BSA-folate lies within the' range of values reported for folate and folate analogue association with KB cells under similar conditions (38) . More importantly, washing of these cells with acid saline to remove the surface bound proteinfolate conjugates still left roughly half of the radioactivity associated with the cell (data'not shown). Based on the 4 6 Concentration, pg/ml the catalytically active HRP. As seen in Fig. 5 , cells incubated with unconjugated HRP remained essentially colorless, whereas cells treated with HRP-5MeH4folate acquired a dark purple stain. We conclude from these data that internalized HRP retains its catalytic function upon entering the KB cells by the folate-mediated pathway.
DISCUSSION
Since folate is internalized into KB cells by a receptormediated event (38, 44) , we hypothesized that folateconjugated proteins should likewise follow the same course of uptake, namely endocytosis. In support of this hypothesis, we can now list the following observations: (i) fluorescent folate-labeled proteins are seen to bind and enter KB cells, whereas folate-free proteins are not (Fig. 1) , (ii) radiolabeled proteins conjugated to folate cannot be fully removed from KB cells even by acid-saline washes, whereas controls lacking folate could be cleared of radioactivity by simple washing in PBS (Fig. 3) , (iii) exogenous HRP activity could be detected inside cells treated with 5MeH4folate-conjugated enzymes but not in cells treated with free enzyme (Fig. 5) , (iv) binding and uptake of folate-conjugated protein could be competitively blocked by free folate (Fig. 2) , and (v) the time and concentration dependence of folate-conjugated protein uptake follows closely the uptake of free folate by the same cell line (Figs. 2 and 3) .
It is also apparent from our data that the folate conjugates are internalized in a nondestructive manner and that the macromolecules conjugated to folate remain in an active state (Figs. 4 and 5) . These data support previous claims that folate is internalized into cells by a nonlysozomal pathway (34) (35) (36) .
The studies displayed in the above figures were all conducted on KB cells largely because folate uptake by these cells had already been substantially characterized (36, 38, 40, 44, 45) . However, in the course of our research many experiments were also conducted on HeLa, XC, MCF7, and PC12 cells in culture. Furthermore, in some studies (e.g., Fig.  5 ) SMeH4folate was substituted for folic acid. Except for differences in rates and magnitudes of uptake (XC, PC12, and MCF7 cells internalize conjugates much slower than KB and HeLa cells), the results from all of the above studies were similar. It would, therefore, appear that many cells have the ability to internalize folate-conjugated macromolecules in reasonable quantities by a folate receptor-mediated mechanism. Since proteins ranging in size from RNase (13.7 kDa) to HRP (40 kDa) to BSA (68 kDa) to IgG (160 kDa) to ferritin (443 kDa) (unpublished data) have been internalized, within this molecular mass range size does not appear to represent a significant constraint. Although practical applications of the protocol remain to be explored, the absence of any apparent harm to the targeted cells provides reason for optimism that beneficial scientific and medical uses can be identified. This work was supported by a gift from DuPont and by a donation from the Trask Endowment. C.P.L. was supported on National Institutes of Health Training Grant GM08296. A patent application covering this methodology has been submitted.
